ABSTRACT
INTRODUCTION
Many different methods, including most recently real-time and Doppler echography [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , have been explored to measure chest and abdominal movements during fetal breathing. These movements have been shown to be important indicators of lung development [11] [12] [13] [14] [15] , although a wide range of normal values has been established for fetal breathing rate 16 . Factors that can affect breathing rates include maternal medication 17 , hypoxia 18 , hypoglycemia with maternal fasting 19 and the status of the amniotic sac 20 . Although breathing movements are considered a useful marker of fetal health, there is no direct relationship between these and fetal well-being 7 . However, breathing patterns change as gestation progresses and reflect fetal neurological maturation 21 . Previously, real-time echography was used to count fetal breathing movements, but it has not provided objective data on physical parameters of space, time and rate that can be used to describe these movements. Doppler echography provides information on the flow rates of fluids in the amniotic sac and fetal respiratory system, and on the duration of these movements. This is an indirect source of information on fetal breathing movements, as the pattern of flow of the perinasal fluid reflects diaphragmatic activity 10 . Photogrammetry, the measurement of movements of reference points in still images 22 , can be used to obtain accurate measurements of fetal breathing movements. In the present study we describe a method that can be used to obtain standardized sets of measurements of fetal breathing movements. We examined the potential usefulness of this method to measure fetal breathing movements in echographic images recorded on videotape, and used this alternative approach to measure breathing movements (time, space, velocity) recorded in normal pregnancies.
METHODS

Subjects
The initial population of 51 women comprised those who satisfied the inclusion criteria and who were willing to participate after receiving clear information on the nature and purpose of the study. These women were chosen from those who had uncomplicated pregnancies and who were seen consecutively between February and May 1996 at the out-patient clinic of the Obstetrics and Gynecology Service of the Hospital General Básico in the city of Baza, Granada Province, Spain, for routine echographic follow-up. All
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The criteria for inclusion in the study were gestational age of the fetus of 30-38 weeks, absence of any disease or abnormality at any time during the pregnancy, nonsmoking mother and no maternal medication at the time of the examination. Information regarding the last three criteria was obtained from the medical records and on the basis of the women's statements in the course of their appointments. All echographic examinations were carried out at approximately the same time of day, 1-2 h after the mother had eaten breakfast.
The women ranged in age from 18 to 38 years (mean 28 years). Almost half (47%) were primigravida, with a mean gestational age of 35 weeks. Fetal breathing movements were detected in 28 pregnancies (55%). Of the 28 fetuses whose breathing movements were analyzed, seven were at 30-32 weeks of gestation, nine were at 33-36 weeks and 12 were at 37-38 weeks. Twenty babies were born by spontaneous vaginal delivery, seven were delivered by Cesarean section and one by instrumental delivery.
All echographic examinations were carried out with a Hitachi EUB-240 machine (Hitachi Medical Corporation, Tokyo, Japan). Fetal breathing movements were observed in the sagittal plane through the midline of the fetus's chest and abdomen, with appropriate visualization of the spinal column, sternum and diaphragm ( Figure 1 ). The echographic images were recorded with a Hitachi VHS VT-M340E(CT) video recorder.
Computerized image analysis
The reference point for measuring fetal breathing movements was the midpoint on the anterior abdominal wall of the fetus between the xiphoid process and the insertion of the umbilical vessels ( Figure 1 ). Images from videotapes of the echographic studies of each fetus were digitized manually by a single operator (E.C.) using a personal computer equipped with a Pentium 133-MHz processor. Sequences that contained fetal or maternal body movements were excluded from the analysis. For each image to be analyzed, the reference point was marked with the mouse pointer, using the keyboard to correct the position if necessary. Images taken 0.12 s apart were digitized (8.5 frames/s). The total period of observation for which images from each fetus were sampled depended on the duration of the period for which suitable images were available. In all, 19 046 images were digitized.
Calculation of coordinates in real space and graphic display
Because the two-dimensional coordinates for the reference points were deduced from the images on the computer monitor, they lacked any reference to real space. The program transformed the coordinates of the reference point in two dimensions, after digitization and error correction, by assigning each point a pair of coordinates on a real decimal scale. We then followed the successive positions of the reference point in successive images. The operator of the image analysis system marked the positions of the reference point in each image; the program determined whether the point had moved from one image to the next and measured the distance covered if movement was detected.
The algorithm used to define and measure movements was based on information provided by the operator (reference point identification and marking) and information from previous studies 16, 23 . Figure 2 illustrates the results obtained for fetal breathing movement measurements. The algorithm defined one complete respiratory cycle as a succession of positions in which the sternum and anterior wall of the chest and abdomen of the fetus increased (inspiration) then decreased (expiration) their distance from the reference point. A complete cycle encompassed two temporal segments: location A, indicating the start of inspiration, to location B, indicating the end of inspiration and the beginning of expiration; and location B to location C, indicating the end of expiration. The distance a point moved between A and B, and between B and C, must have measured at least 1.8 mm for the program to count it as a breathing movement. At a sampling rate of 0.12 s, a cycle was included in the analysis only if at least three different consecutive positions could be identified between A and B, and between B and C. In other words, each inspiratory or expiratory phase was assumed to last at least 0.24 s. 
Measurements of fetal breathing movements
We used this procedure to measure the number of complete respiratory cycles in the sampling period for each fetus, the duration of respiratory cycles in seconds (mean, standard deviation, maximum and minimum) and the distance in millimeters covered by the reference point at location B in each cycle (mean, standard deviation, maximum and minimum). This distance indicated the amplitude of the fetal breathing movement. Each cycle was analyzed individually to determine the duration of the inspiratory and expiratory phases, duration of the full cycle and movement of the reference point between A and B.
RESULTS
Parameters calculated
For each fetus, we calculated 13 parameters that provided information on the efficiency and reliability of the photogrammetric method (Table 1) . Total digitization time was the total period of the echographic video recording that was sampled for fetal breathing movement determinations. Unclear images recorded while the fetus was in an unsuitable position or while the fetus or mother were moving were excluded from the analysis. The number of movements measured was recorded, and this value, divided by the total digitization time, yielded the frequency of movements. We noted the percentage of the total digitization time during which breathing movements were present or absent. Total duration of cycle was the sum of the inspiratory and expiratory phases (A to C); inspiration was the time when the reference point moved from A to B and expiration was the time when the point moved from B to C. The distance covered by the reference point during the inspiratory and expiratory phases was recorded, and the mean distance covered in each cycle was calculated as the sum of these two values divided by 2. The velocity of movement was calculated for the inspiratory and expiratory phases.
By following the movements of the reference point midway between the xiphoid process of the fetus and the insertion of the umbilical vein, we found that the mean duration of the respiratory cycle was 1.194 s. The duration of a complete cycle ranged from 0.680 to 2.0 s. The mean distance across which the reference point was tracked during breathing was 2.92 mm, with a range of 1.85 to 5.31 mm.
The mean rate of movement of the reference point during the inspiratory phase was 5.62 mm/s, with a range of 2.68-11.37 mm/s. The mean velocity of movement during the expiratory phase was 5.06 mm/s, with a range of 2.26-14.53 mm/s (Table 1) .
We found no significant differences between the inspiratory and expiratory phases in the values of the different breathing parameters. 
DISCUSSION
The first step in any photogrammetric analysis is to obtain accurate images. We used only clear echographic images obtained through the sagittal plane in the midline of the chest and abdomen in which the fetus' spinal column and sternum were readily identifiable. Images obtained while the fetus or mother was moving were excluded. The reference point used to measure fetal breathing movements was chosen on the basis of previous clinical observations and digitizations of images in which movements were clearly evident. The points located in the posterior chest wall of the fetus showed very little movement during breathing. The areas that showed the greatest movement were the anterior wall of the chest and abdomen, especially the distal part. We therefore chose the midpoint between the xiphoid process and the insertion of the umbilical vessels 1, 7, 24 . The minimum distance considered to indicate breathing movements was 1.8 mm; therefore, fetal breathing movements were analyzed only if the reference point on the anterior chest or abdominal wall of the fetus moved at least 1.8 mm during the inspiratory or expiratory phase. There was no maximum limit to movement for the purposes of our analysis.
The smallest movement of the chest and abdominal wall detected in the fetuses we studied was 1.85 mm, and the largest was 5.31 mm. The mean extent of movement was 2.92 mm. These figures are similar to those reported by Marsal 24 and Mantell
26
, who found movements of 4-8 mm in images obtained with A-mode echography. In a study with high-resolution echography, Patrick 1 found that the anterior wall of the fetus' chest moved inwards between 2 and 5 mm while simultaneously the anterior abdominal wall moved outwards between 3 and 8 mm.
To measure the duration of the breathing cycle, we used an algorithm that determined when each phase of the cycle began and ended. The accuracy of the algorithm was checked by analyzing two sequences of fetal echographic images: one that contained several breathing cycles and one in which no breathing movements were seen. In both cases, the program correctly identified the presence or absence of fetal breathing movements.
The mean duration of the inspiratory phase was 0.559 s, and the mean duration of the expiratory phase was 0.635 s. The mean duration of the respiratory cycle in the fetuses we studied was 1.194 s. Badalian and colleagues 16 obtained similar values in their analysis of the flow rates of nasal fluid in fetuses of 34-41 weeks of gestation: the duration of a complete respiratory cycle was 1.184 s, that of the inspiratory phase was 0.544 s and that of the expiratory phase was 0.633 s.
Most studies of fetal breathing movements have used pulsed Doppler ultrasound 9, 16, 27, 28 . This technique has been used to show that, during fetal breathing, fluids are displaced from the amniotic sac to the fetal breathing space. The entry and exit of fluids reflect changes in pulmonary pressure during inspiration and expiration. Studies of the flow wave provide indirect but quantifiable information on the duration and rates of each phase. However, this approach does not measure the motion of the chest or abdominal wall of the fetus during breathing movements.
Real-time echography, pulsed Doppler echography of the umbilical vein and color Doppler echography are reportedly similar in their reliability to detect fetal breathing movements 29 . Actocardiography 30 is a relatively new technique that has also been found to be useful in the study of fetal breathing.
After several different sampling frequencies had been tested, the sampling rate we used to select echographic images for digitization (one image per 0.12 s; 8.5 images per second) was chosen to provide the greatest possible precision in detecting movements within the shortest time. Digitization of a greater number of frames from the videotape per unit time would have increased precision, but at a cost in terms of time and labor that we judged would not be compensated by the gain in data. Manual digitization is labor-intensive, even in the hands of an experienced operator. Future studies will aim to develop a fully automatic process to capture and store digitized images directly from the echography apparatus.
